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FORAGE & GRAZING LANDS

Diurnal Effects on Nutritive Value of Alley-Cropped Orchardgrass Herbage

D. M. Burner* and D. P. Belesky

ABSTRACT milk (Mayland and Shewmaker, 2000) or liveweight
(Lee et al., 2001) production gains.Nonstructural carbohydrates, crude protein, and in vitro dry matter

Herbage nutritive value is influenced by conditionsdigestibility (IVDMD) are important measures of herbage nutritive
including partial shade (Kephart and Buxton, 1993),value and can vary at seasonal and diurnal time scales in conventional
resulting in altered morphology (e.g., increased leaf areaagronomic systems. Our objective was to determine diurnal trends

of nutritive value components in orchardgrass (Dactylis glomerata L.) and decreased specific leaf weight and tillering; Devkota
herbage harvested daily on 1 through 15 June 2001 and 2002 from and Kemp, 1998–1999) and physiology or biochemistry
three microsites: unshaded control, loblolly pine (Pinus taeda L.) (e.g., nitrate and nonstructural carbohydrate accumu-
alleys, and shortleaf pine {(P. echinata Mill.) alleys at three time lation). Microsite conditions such as solar irradiance
intervals [0500, 1100, and 1700 h, Central Standard Time (CST)]}. (Chazdon and Pearcy, 1991; Reifsnyder et al., 1971),
Diurnal responses were defined as a regression response or change in soil moisture (Jose et al., 2000), and soil temperaturemean (P � 0.10) with time. Orchardgrass herbage exhibited temporal

(Morecroft et al., 1998), may differ between agroforestrychange in total nonstructural carbohydrate (TNC), water-soluble carbo-
and conventional production environments and causehydrate (WSC), starch, and IVDMD. At any given sampling time, TNC
differences in herbage yield (Burner, 2003; Burner andwas greater (P � 0.05) in control than in pine microsites. Diurnal
Brauer, 2003). Since nonstructural carbohydrates varyresponse of TNC differed among microsites (P � 0.10), with more

rapid TNC change in the control and shortleaf pine than loblolly pine diurnally and concentrations in herbage are linked to
(P � 0.01). The differential response of TNC in pine microsites com- grazing behavior and canopy management, understand-
pared with the control was attributed to an altered amount and tempo- ing the diurnal responses of forages to shading is war-
ral distribution of solar irradiance. Diurnal responses of WSC, starch, ranted for optimal management of silvopastoral sys-
and IVDMD were unaffected by microsite. Herbage levels of crude tems. Our objective was to determine diurnal patterns
protein and IVDMD were greater, but yield and nonstructural carbo- of selected nutritive value components of alley-croppedhydrates were lower in pine microsites compared with the unshaded

orchardgrass herbage.control. We conclude that diurnal change in herbage nutritive value
tends to be buffered against irradiance constraints in alley crop envi-

MATERIALS AND METHODSronments.

The study site was described in detail by Burner (2003).
Briefly, loblolly or shortleaf pine was planted in north–south
orientation in spring 1992 in four-row blocks 30 m long, atAkey component linking canopy management and live-
1.2 m intervals within rows and 4.9 m between rows at Boone-stock grazing behavior is the nonstructural carbo-
ville, AR (35�05�N, 93�59�W, 152 m above sea level). The soilhydrate composition of herbage irrespective of growth
was a Linker fine, sandy loam (fine-loamy, siliceous, semi-environment. Nonstructural carbohydrates influence plant
active, thermic Typic Hapludults). ‘Potomac’ orchardgrass wasgrowth and regrowth, development, reproduction, and established in pine alleys and in control (unshaded) plots in

survival through a complex process of dynamic source– September 1999. Plots were fertilized to supply 56 kg ha�1

sink relationships (Fulkerson and Donaghy, 2001). Herb- each of N, P, and K after each spring and fall harvest, and in
age concentrations of nonstructural carbohydrates can late winter. Plots were clipped to 3-cm stubble in April 2001
vary along short temporal (hourly or diurnal) gradients and 5-cm stubble in April 2002.

Solarimetry data collected at the site on 1 through 15 June(Ciavarella et al., 2000b; Holt and Hilst, 1969), typically
2000 and 2001 was used to characterize microsites during theincreasing during the day when rates of cellular biosyn-
same growth interval in 2001 and 2002. Solarimetry data werethesis exceed respiration, and decreasing at night. Live-
not collected in 2002. Solar irradiance was monitored withstock prefer pasture herbage with higher vs. lower con-
a Delta-T (Delta-T Devices Ltd., Cambridge, UK)1 systemcentration of nonstructural carbohydrate (Ciavarella et
consisting of 10 TSL tube solarimeters (spectral response 0.35al., 2000a). Similarly, afternoon-cut hay was preferred to to 2.5 �m) connected to a DL2e logger. Solarimeters were

morning-cut hay by livestock (Fisher et al., 1999; Koth- placed at random, perpendicular-to-tree-row orientation, about
mann, 1966; Mayland et al., 2000) and could improve 1 m above ground surface in the middle of loblolly (five sen-

1 Product names and trademarks are mentioned to report factuallyD.M. Burner, USDA-ARS, Dale Bumpers Small Farms Research
on available data; however, the USDA neither guarantees nor war-Center, 6883 S. State Hwy 23, Booneville, AR 72927; and D.P. Belesky,
rants the standard of the product, and the use of the name by USDAUSDA-ARS, Appalachian Farming Systems Research Center, 1224
does not imply the approval of the product to the exclusion of othersAirport Road, Beaver, WV. Received 22 July 2003. *Corresponding
that may also be suitable.author (dburner@spa.ars.usda.gov).

Abbreviations: CST, Central Standard Time; IVDMD, in vitro dryPublished in Crop Sci. 44:1776–1780 (2004).
 Crop Science Society of America matter digestibility; TNC, total nonstructural carbohydrate; WSC,

water-soluble carbohydrate.677 S. Segoe Rd., Madison, WI 53711 USA
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BURNER & BELESKY: ALLEY-CROPPED ORCHARDGRASS HERBAGE 1777

sors) and shortleaf-pine (four sensors) alleys. One solarimeter and interactions of these effects with fixed effects. Data were
analyzed by repeated measures (Littell et al., 1996) with awas located in the control for reference. Data were collected

continuously at 0.5-h intervals for the 1 to 15 June growth first-order autoregressive covariance structure [AR(1)], with
time within microsite as the repeated effect. Means were sepa-interval in 2000 and 2001. Thus, there was one year of overlap

(2001) between collection of solarimetry data and this study. rated by Fisher’s protected LSD test at P � 0.05 (Steel and
Torrie, 1980). Regression analysis was conducted for variablesHerbage samples were collected from each microsite (con-

trol, loblolly pine, and shortleaf pine) at 0500 (sunrise), 1100, that had a significant (P � 0.10) microsite � time mean square.
Diurnal responses were defined as either a regression responseand 1700 h (CST) for the interval 1 to 15 June 2001 and 2002.

Herbage within one 0.093-m2 quadrat was clipped to a 3-cm or change in mean (P � 0.10) with time. Coefficients of deter-
mination were calculated by PROC REG (SAS Institute, 1998).stubble height from each microsite at each sampling time.

Quadrats were sampled only once during each year of the Graphs were produced with SigmaPlot v. 8.02 (SPSS Inc.,
Chicago, IL).study. Samples were predominantly orchardgrass with trace

amounts of tall fescue (Festuca arundinacea Schreb.). Clipped
samples were placed immediately on ice for transport to the

RESULTSlaboratory, stored temporarily at �20�C, and dried in a forced-
draft oven at 70�C for 48 h. Yield was converted to a kg ha�1 Mean solar irradiance in the 1 to 15 June 2000 and
basis. Samples were ground in a Wiley mill (Arthur Thomas 2001 growth interval differed (P � 0.05) among micro-
Co., Philadelphia, PA) to pass a 1-mm screen and further sites. Complex polynomial regression equations without
ground in a cyclone mill (Cyclotec 1093, Foss Tecator, Eden an intercept in the model (Fig. 1) were used to describePrairie, MN) with a 1-mm screen. Ground samples were stored

solar irradiance within microsites. Less solar irradianceat �20�C. The TNCs and WSCs were determined by the
was received in shortleaf and loblolly microsites thanmethod of Smith (1981) as modified by Denison et al. (1990),
the control at midday, and loblolly pine received lesswith (TNC) or without (WSC) amyloglucosidase, and starch
solar irradiance than shortleaf pine microsites at middayconcentration was determined by difference (TNC � WSC).

Samples collected in 2001 were analyzed for N by combus- (P � 0.05). Mean solar irradiance at 1200 h was about
tion (Leco FP428, Leco Corp., St. Joseph, MO), and crude 55 and 75% of the control for loblolly and shortleaf
protein was calculated as N (g kg�1) � 6.25. Crude protein pine microsites, respectively.
also was measured on a random subset of 33 samples in 2002 Dry matter yield was greater (P � 0.05) in the control
with the same method (the calibration group). The 2002 sam- (3602 kg ha�1) than either pine microsite (2376 and 2592
ples (calibration group and unknown samples) were analyzed kg ha�1 for loblolly and shortleaf pine, respectively).by near infrared reflectance spectroscopy (NIRS) using a

We did not detect a diurnal response for yield (P 	 0.63).Bran
Luebbe near-infrared analyzer, model I/A 500 system
The microsite � time interaction was significant (P �with Sesame v. 3.1 software (Bran
Luebbe Inc., Roselle, IL)

0.10) only for TNC (Table 1). The TNC increased lin-and methods similar to those described previously (Brown
early (P � 0.05) in each microsite (Fig. 2), although theand Moore, 1987; Shenk et al., 1981). Calibration data for

crude protein had an R2 � 0.95, SE of the estimate � 1.17, and trend was not significant (P � 0.23) in the loblolly pine
SE of cross validation � 1.22. The IVDMD was determined by microsite. At any given sampling time, TNC was greater
the procedure of Goering and Van Soest (1970), and modified (P � 0.05) in control than pine microsites. Further,
for the ANKOM Daisy II fiber analyzer #F200 (ANKOM regression coefficients were greater (P � 0.01) in control
Technology Corp., Fairport, NY).

Sample drying at 70�C for carbohydrate analysis (Smith,
1981) was perhaps high for the N and IVDMD analyses. Sam-
ples typically are dried at �65�C for nutritive value (Brown
and Moore, 1987; Goering and Van Soest, 1970). However,
Tilley and Terry (1963) found that herbage samples had com-
parable in vitro digestibility when freeze dried or oven dried
at 40 or 100�C, and Kendall et al. (1970) dried herbage samples
at 75�C for dry matter disappearance and N. Thus, we assumed
that changes in N components at 70�C, if any, occurred at the
same rate as possible changes in carbohydrate components
(Guillard et al., 1995).

Statistical Analysis

Daily solarimetry means were analyzed by PROC MIXED
(SAS Institute, 1998) to compute least squares means. PROC
REG was used to generate regression equations (SAS Institute,
1998).

Fig. 1. Diurnal change in mean solar irradiance (� 0.35–2.5 �m) inYield and nutritive value were analyzed as a split plot de-
control (unshaded), and loblolly and shortleaf pine microsites. Datasign with 15 replicates (date). Microsite and time were main
were collected from 0500 to 1930 h (CST) on 1 to 15 June 2000 andplot and split plot, respectively. Analysis of variance was con-
2001. Prediction equations for solar reception were Y � �0.045T �ducted with the restricted maximum likelihood method in the
0.013T2 
 6.60 � 10�3T3 � 5.57 � 10�4T4 
 1.33 � 10�5T5, R2 �MIXED procedure of SAS (Littell et al., 1996; SAS Institute, 0.99; Y � 0.024T � 0.028T2 
 6.38 � 10�3T3 � 4.58 � 10�4T4 


1998). Degrees of freedom were calculated by Satterthwaite’s 1.03 � 10�5T5, R2 � 0.96; Y � 0.018T � 0.034T2 
 8.61 � 10�3T3 �
approximation method (Littell et al., 1996). All effects were 6.47 � 10�4T4 
 1.50 � 10�5T5, R2 � 0.97 for control, loblolly pine,
considered fixed for determining expected mean squares and and shortleaf pine, respectively. T � time (h), CST. Vertical bar

indicates LSD (P � 0.05).appropriate F tests in the ANOVA except year, replication,
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Table 1. Significance of F values for total nonstructural carbohy-
drate (TNC), water-soluble carbohydrate (WSC), starch, crude
protein, and in vitro dry matter digestibility (IVDMD) of orchard-
grass herbage sampled on 1 through 15 June 2001 and 2002.

Dry
matter Crude

Source of variation yield TNC WSC Starch protein IVDMD

Microsite (M) *** *** *** *** *** *
Time (T) ns† *** *** *** ns *
M � T ns ‡ ns ns ns ns

* Significant at the 0.05 level.
*** Significant at the 0.001 level.
† ns, not significant.
‡ Significant at the 0.10 level.

and shortleaf pine than in loblolly pine, indicating that
TNC accumulation was more rapid in microsites with
greater irradiance. The WSC increased linearly (Fig. 3)
and starch changed quadratically (Fig. 4) with time, but Fig. 3. Diurnal change in water-soluble carbohydrate (WSC) in or-
neither was differentially affected by microsite (P 	 chardgrass herbage sampled on 1 through 15 June 2001 and 2002.
0.14). Mean WSC was higher (P � 0.001) in the control T � time (h), CST. The error bar at data points indicates standard

error of the mean (n � 90).(56 g kg�1) than in loblolly or shortleaf pine microsites
(37 and 41 g kg�1). Starch concentration nearly doubled

(Burner, 2003; Burner and Brauer, 2003; Ciavarella et al.,from 0500 to 1700 h. Starch varied among microsites (P �
2000a; Neel et al., 2001) of cool season grasses. So, our0.05) in the order control (6.1 g kg�1) � loblolly pine
objective was to determine diurnal patterns of selected(4.0 g kg�1) � shortleaf pine (3.8 g kg�1).
nutritive value measures of alley-cropped orchardgrassMean crude protein varied among microsites (P �
herbage, on the assumption that microsites differed in0.05) in the order control (119 g kg�1) � shortleaf pine
solar irradiance.(150 g kg�1) � loblolly pine (157 g kg�1), but there was

Loblolly pine was taller (7.6 and 6.1 m, respectively)no diurnal response (P � 0.18). Mean IVDMD was less
and had greater canopy cover than shortleaf pine (52(P � 0.01) in the control (655 g kg�1) than in loblolly
and 25%, respectively; Burner, 2003). This caused micro-pine (667 g kg�1), while IVDMD in shortleaf pine was
sites to differ in amount of solar irradiance. Irradianceintermediate (662 g kg�1). Regression effects were not
in shortleaf and loblolly pine microsites was comparablesignificant for IVDMD (P � 0.24), but mean IVDMD
with that caused by 60 to 90% cloud cover or overcastwas greater (P � 0.05) at 1700 h (666 g kg�1) than at
sky conditions, respectively, in Missouri (McQuigg and0500 h (654 g kg�1).
Decker, 1958). The diurnal distribution of solar irradi-
ance in the control was similar, but means were slightlyDISCUSSION
less than values reported by Szeicz (1974) for very clear

Previous studies demonstrated that level of solar irra- days at 52� N latitude. Similar trends probably would be
diance influences herbage yield (Auda et al., 1966; D.P. observed for photosynthetically active radiation (D.M.
Belesky, 2003, unpublished data) and nutritive value Burner, 2003, unpublished data; Feldhake, 2001).

Fig. 2. Diurnal change in total nonstructural carbohydrate (TNC) in
Fig. 4. Diurnal change in starch concentration in orchardgrass herb-orchardgrass herbage from control (unshaded), and loblolly and

shortleaf pine microsites sampled on 1 through 15 June 2001 and age sampled on 1 through 15 June 2001 and 2002. T � time (h),
CST. The error bar at data points indicates standard error of the2002. T � time (h), CST. The error bar at data points indicates

standard error of the mean (n � 30). mean (n � 90).
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We found diurnal responses for four nutritive value ies (Gillespie et al., 2000; Jose et al., 2000). Pine micro-
sites have less soil moisture (D.M. Burner, 2003, unpub-measures, TNC, WSC, starch, and IVDMD, but not crude

protein or dry matter yield. The TNC concentrations were lished data; Gillespie et al., 2000), lower soil surface
temperatures (Feldhake, 2001), and less evapotranspira-comparable with those reported for cool-season pasture

herbage across a light gradient in West Virginia (Neel tion (D.P. Belesky, 2003, unpublished data) than control
sites. Water deficit tends to increase herbage carbohy-et al., 2001). Of measures with a diurnal response, only

TNC had a microsite � time interaction. TNC increased drate concentrations when light is not limiting (Frank,
1994; Thomas and James, 1999). Relative effects of lightat a faster rate in control and shortleaf pine, where

light was less constraining, than in loblolly pine. Diurnal and soil moisture constraints on production and nutri-
tive value of perennial alley crops have not been wellincrease in herbage TNC was documented for alfalfa,

Medicago sativa L. (Holt and Hilst, 1969; Fisher et al., elucidated.
Crude protein did not vary diurnally in this study.1999) and tall fescue (Fisher et al., 1999).

Across microsites, WSC increased diurnally from 35 g Published reports on diurnal responses of crude protein
are contradictory. Youngberg et al. (1972) reported thatkg�1 at 0500 h to 55 g kg�1 at 1700 h. In the control,

WSC was 42 and 69 g kg�1 at 0500 and 1700 h, respec- crude protein of alfalfa was highest between 0300 and
0600 h and declined during the day, presumably with dilu-tively. Thus, results for the control were similar to those

of Holt and Hilst (1969), who reported that mean herb- tion by nonstructural carbohydrates. Conversely, sheep
(Ovis aries L.) masticate had more (P � 0.05) crudeage WSC of three cool season grasses increased from

about 53 to 80 g kg�1 for the same time intervals in July. protein in afternoon than morning on summer sage-
brush-grass range (Kothmann, 1966), while cattle (BosThe regression equation and significance level were not

reported in that study. taurus L.) masticate from summer rangeland herbage
in morning and evening collections did not differ (P �There was a diurnal increase in herbage starch con-

centration which, to our knowledge, has not been pre- 0.05) in crude protein (Kirby and Stuth, 1982). Crude
protein patterns in masticate of rangeland herbage couldviously reported in grass-based agroforestry systems.

Temperate grasses generally accumulate nonstructural be associated with herbage selection rather than diur-
nal variation.carbohydrate as fructan, along with 10 to 60 g kg�1

starch (Mayland et al., 2000; Smith, 1971). Mean starch We found that mean IVDMD increased between 0500
and 1700 h. This was consistent with Fisher et al. (1999),concentration in this study was about 5 g kg�1. Holt and

Hilst (1969) concluded there was a diurnal, increasing who reported that digestibility was higher in the after-
noon than morning for tall fescue hay and cattle masti-trend of starch concentration in cool-season grasses

ranging from about 115 g kg�1 at 0600 h to 135 g kg�1 cate. However, digestibility did not differ (P � 0.05)
in morning and evening-collected cattle masticate inat 1800 h. Levels of significance were not reported, and

their study was inadequate to test for a curvilinear re- summer rangeland herbage (Kirby and Stuth, 1982).
Crude protein and IVDMD were greater in herbagesponse. There was no significant change in starch for

morning- and evening-harvested tall fescue hay (Fisher collected from the loblolly pine microsite than the con-
trol, confirming previous reports that crude protein andet al., 1999).

Orchardgrass yield in the control was comparable IVDMD increase in herbage with decreasing irradiance
(Burner, 2003; Burner and Brauer, 2003; Neel et al.,with that in Arkansas variety trials (Sandage and Wind-

ham, 2000). However, herbage yield in pine microsites 2001).
Orchardgrass lacked persistence in an unshaded mi-was about 70% of the control, demonstrating a con-

straint to herbage production. Similarly, Auda et al. crosite, which would be encountered early in the tree
rotation, but thrived in pine microsites later in the tree(1966) showed that orchardgrass yields less under low

light than full illumination in the greenhouse. Burner rotation (Burner, 2003). In the central USA highlands,
producers should consider establishing orchardgrass in(2003) found that photosynthetically active radiation in

sun flecks of loblolly pine alleys was about 10-times that pine alleys after three to five seasons of tree growth to
take advantage of the protective shade. Later in thein a shade patch, so yield may be reduced in proportion

to amount of shaded area. However, Burner (2003) re- tree rotation, when shading reduces orchardgrass tiller-
ing and mass per tiller (D.P. Belesky, 2003, unpublishedported that orchardgrass yield was similar in loblolly

pine, shortleaf pine, and control microsites. Further, data), periodic tree thinning could help maintain the
sward. Herbage from this type of silvopastoral system isBurner (2003) found that orchardgrass had greater per-

sistence (P � 0.05) in loblolly pine (72% stand) than adequate for a cow–calf operation, although producers
should use short periods of rotational grazing and ad-the control (44% stand). The discrepancy between this
justment of stocking rate for sustained production ofstudy and that of Burner (2003) could have been caused
high quality forage. Relative limitations of irradianceby different sampling dates, harvesting procedures, or
and soil moisture on herbage yield and physiology needmicrosite conditions that affected dry matter allocation,
further study.such as plant age or soil water availability.

Yield differences between control and pine microsites
ACKNOWLEDGMENTScould be caused by soil moisture limitations in addition

to light. Soil moisture was thought to influence maize Karen Chapman and Jim Whiley, USDA-ARS, Booneville,
(Zea mays L.) grain yield more than shade in hardwood AR, provided technical assistance. Joyce Ruckle, USDA-ARS,

Beaver, WV, conducted the carbohydrate analyses.alley cropping systems, on the basis of root barrier stud-



R
ep

ro
du

ce
d 

fr
om

 C
ro

p 
S

ci
en

ce
. P

ub
lis

he
d 

by
 C

ro
p 

S
ci

en
ce

 S
oc

ie
ty

 o
f A

m
er

ic
a.

 A
ll 

co
py

rig
ht

s 
re

se
rv

ed
.

1780 CROP SCIENCE, VOL. 44, SEPTEMBER–OCTOBER 2004

midwestern USA. 2. Competition for water. Agrofor. Syst. 48:41–REFERENCES
59.

Auda, H., R.E. Blaser, and R.H. Brown. 1966. Tillering and carbohy- Kendall, W.A., J.R. Todd, and W.C. Templeton, Jr. 1970. Simplifica-
drate contents of orchardgrass as influenced by environmental fac- tion of the dry matter disappearance technique to estimate forage
tors. Crop Sci. 6:139–143. quality. Crop Sci. 10:47–48.

Brown, W.F., and J.E. Moore. 1987. Analysis of forage research sam- Kephart, K.D., and D.R. Buxton. 1993. Forage quality responses of
ples utilizing a combination of wet chemistry and near infrared C3 and C4 perennial grasses to shade. Crop Sci. 33:831–837.
reflectance spectroscopy. J. Anim. Sci. 64:271–282. Kirby, D.R., and J.W. Stuth. 1982. Seasonal diurnal variation in com-

Burner, D.M. 2003. Effect of alley crop environment on orchardgrass position of cow diets. J. Range Manage. 35:7–8.
and tall fescue herbage. Agron. J. 95:1163–1171. Kothmann, M.M. 1966. Nutrient content of forage ingested in the

Burner, D.M., and D.K. Brauer. 2003. Herbage response to spacing morning compared to evening. J. Range Manage. 19:95–96.
of loblolly pine trees in a minimal management silvopasture in Lee, M.R.F., E.L. Jones, J.M. Moorby, M.O. Humphreys, M.A.
southeastern USA. Agrofor. Syst. 57:69–77. Theodorou, J.C. MacRae, and N.D. Scollan. 2001. Production re-

sponses from lambs grazed on Lolium perenne selected for anChazdon, R.L., and R.W. Pearcy. 1991. The importance of sunflecks
elevated water-soluble carbohydrate concentration. Anim. Res. 50:for forest understory plants. Bioscience 41:760–766.
441–449.Ciavarella, T.A., H. Dove, B.J. Leury, and R.J. Simpson. 2000a. Diet

Littell, R.C., G.A. Milliken, W.W. Stroup, and R.D. Wolfinger. 1996.selection by sheep grazing Phalaris aquatica L. pastures of differing
SAS System for Mixed Models. SAS Institute, Cary, NC.water-soluble carbohydrate content. Aust. J. Agric. Res. 51:757–

Mayland, H., and G. Shewmaker. 2000. Late-afternoon-cut hay makes764.
more milk. Hoard’s Dairyman. 145:342.Ciavarella, T.A., R.J. Simpson, H. Dove, B.J. Leury, and I.M. Sims.

Mayland, H.F., G.E. Shewmaker, P.A. Harrison, and N.J. Chatterton.2000b. Diurnal changes in the concentration of water-soluble carbo-
2000. Nonstructural carbohydrates in tall fescue cultivars: Relation-hydrates in Phalaris aquatica L. pasture in spring, and the effect
ship to animal preference. Agron. J. 92:1203–1206.of short-term shading. Aust. J. Agric. Res. 51:749–756.

McQuigg, J.D., and W.L. Decker. 1958. Solar energy: A summary ofDenison, R.F., J.M. Fedders, and C.B.S. Tong. 1990. Amyloglucosi-
records at Columbia, Missouri. Res. Bull. 671. Univ. of Missouridase hydrolysis can overestimate starch concentration of plants. Agric. Exp. Stn., Columbia, MO.

Agron. J. 82:361–364. Morecroft, M.D., M.E. Taylor, and H.R. Oliver. 1998. Air and soil
Devkota, N.R., and P.D. Kemp. 1998–1999. Morphological aspects of microclimates of deciduous woodland compared to an open site.

pasture species in the shade in relation to various management Agric. For. Meteorol. 90:141–156.
practices under silvopastoral systems. J. Inst. Agric. Anim. Sci. Neel, J.P.S., C.M. Feldhake, and D.P. Belesky. 2001. Nutritive value
19–20:1–26. of cool season forages over time in a conifer woodlot with varying

Feldhake, C.M. 2001. Microclimate of a natural pasture under planted levels of light intensity. Proc. Am. For. Grassl. Congr. 10:351–355.
Robinia pseudoacacia in central Appalachia, West Virginia. Agro- Reifsnyder, W.E., G.M. Furnival, and J.L. Horowitz. 1971. Spatial
for. Syst. 53:297–303. and temporal distribution of solar radiation beneath forest cano-

Fisher, D.S., H.F. Mayland, and J.C. Burns. 1999. Variation in rumi- pies. Agric. Meteorol. 9:21–37.
nants’ preference for tall fescue hays cut either at sundown or at Sandage, L.J., and T.E. Windham. 2000. Cool season perennial grass

series: Orchardgrass. Publ. FSA2031. Univ. Arkansas Coop. Ext.sunup. J. Anim. Sci. 77:762–768.
Serv., Little Rock, AR.Frank, A.B. 1994. Physiological comparisons of crested wheatgrass

SAS Institute. 1998. SAS/STAT user’s guide. Release 7.00. Windowsand western wheatgrass to water. J. Range Manage. 47:460–466.
version 4.10.1998. SAS Inst., Cary, NC.Fulkerson, W.J., and D.J. Donaghy. 2001. Plant-soluble carbohydrate

Shenk, J.S., I. Landa, M.R. Hoover, and M.O. Westerhaus. 1981.reserves and senescence- key criteria for developing an effective
Description and evaluation of a near infrared reflectance spectro-grazing management system for ryegrass-based pastures: A review.
computer for forage and grain analysis. Crop Sci. 21:355–358.Aust. J. Exp. Agric. 41:261–275.

Smith, D. 1971. Efficiency of water for extraction of total nonstructuralGillespie, A.R., S. Jose, D.B. Mengel, W.L. Hoover, P.E. Pope, J.R.
carbohydrates from plant tissue. J. Sci. Food Agric. 22:445–447.Seifert, D.J. Biehle, T. Stall, and T.J. Benjamin. 2000. Defining

Smith, D. 1981. Removing and analyzing total nonstructural carbohy-competition vectors in a temperate alley cropping system in the
drates from plant tissue. Bull. 2107. Wisconsin Agric. Exp. Stn.,midwestern USA. 1. Production physiology. Agrofor. Syst. 48:25–
Madison.40. Steel, R.G.D., and J.H. Torrie. 1980. Principles and procedures of

Goering, H.K., and P.J. Van Soest. 1970. Forage fiber analyses (appa- statistics: A biometrical approach. McGraw-Hill, New York.
ratus, reagents, procedures, and some applications). USDA-ARS Szeicz, G. 1974. Solar radiation for plant growth. J. Appl. Ecol. 11:
Agric. Handb. 379. U.S. Gov. Print. Office, Washington, DC. 617–636.

Guillard, K., S.W. Pietrzyk, K.A. Cassida, M.H. Wiedenhoeft, R.L. Thomas, H., and A.R. James. 1999. Partitioning of sugars in Lolium
Hough, B.A. Barton, and D.W. Allinson. 1995. Seasonal nitrogen perenne (perennial ryegrass) during drought and on rewatering.
and carbohydrate partitioning in forage brassicas. Agron. J. 87: New Phytol. 142:295–305.
562–569. Tilley, J.M.A., and R.A. Terry. 1963. A two-stage technique for the

Holt, D.A., and A.R. Hilst. 1969. Daily variation in carbohydrate in vitro digestion of forage crops. J. Br. Grassl. Soc. 18:104–111.
content of selected forage crops. Agron. J. 61:239–242. Youngberg, H.W., D.A. Holt, and V.L. Lectenberg. 1972. Diurnal

Jose, S., A.R. Gillespie, J.R. Seifert, and D.J. Biehle. 2000. Defining variation in nitrogenous constituents of alfalfa (Medicago sativa L.).
Agron. J. 64:288–291.competition vectors in a temperate alley cropping system in the


